Carbon nanofilaments with carbon beads grown on their surfaces were successfully synthesized reproducibly by a floating catalyst CVD method. The nanofilaments hosting the pearl-like structures typically show an average diameter of about 60 nm, which mostly consists of low-ordered graphite layers. The beads with diameter range 150-450 nm are composed of hundreds of crumpled and random graphite layers. The mechanism for the formation of these beaded nanofilaments is ascribed to two nucleation processes of the pyrolytic carbon deposition, arising from a temperature gradient between different parts of the reaction chamber. Furthermore, the Raman scattering properties of the beaded nanofilaments have been measured, as well as their confocal Raman G-line images. The Raman spectra reveal that that the trunks of the nanofilaments have better graphitic properties than the beads, which is consistent with the HRTEM analysis. The beaded nanofilaments are expected to have high potential applications in composites, which should exhibit both particleand fiber-reinforcing functions for the host matrixes.
Introduction
During the past decade, carbon nanomaterials have been attracting great interest in the research community because of their remarkable electronic and mechanical properties. [1] [2] [3] [4] [5] [6] [7] Numerous carbon nanostructures have been synthesized, including carbon filaments and fibers, 1,2 fullerenes, 3 carbon nanotubes, 4 onions, 5 and nanocones. 6, 7 Due to their low density and high elastic modulus, carbon filaments have large potential commercial applications in reinforcement composites for the space and aircraft industries as well as high-performance sports equipment. 8 To this end, carbon filaments principally act to increase the strength of composites by deflecting or bridging cracks, which are induced by the applied stress. 9, 10 It is wellknown that the interfacial strengths are very important for such filament-reinforcing composites, and they should be as high as possible in order to transfer the maximum load between the host matrixes and the filaments. In order to improve the above interfacial strength, several attempts have been made to develop the degree of oxidation of the carbon filament surface 11, 12 or to grow filaments with special morphologies. [13] [14] [15] It is expected that filaments with beaded structure should be the ideal reinforcing agent because the nearby beads could provide a grasping point for releasing the slippage between the host matrixes and the filaments. Recently, carbon nanotubes coated with carbon-glass beads were observed in arc discharge products, 16 and short carbon beads with protruding cones were produced by a catalyst method. 17 However, it is still a challenge to synthesize beaded filaments by a low-temperature process.
In this paper, carbon nanofilaments with carbon beads grown on their surfaces were successfully synthesized reproducibly by thermally decomposing methane (CH 4 ) at 1100°C in a floating catalyst chemical vapor deposition (CVD) system. The nanofilaments hosting the pearl-like structures typically show an average diameter about 60 nm. These trunks mostly consist of lowordered graphite layers. The beads with the diameter range of 150-450 nm are composed of hundreds of crumpled and randomly oriented graphite layers. We have employed confocal Raman imaging, along with scanning electron microscopic and transmission electron microscopic analysis, to reveal the necklacelike structure of the nanofilament. The subsequent Raman spectra taken from its trunk and bead regions demonstrate a short-range ordering of graphite layers in the nanofilament. The mechanism for the formation of these beaded nanofilaments is ascribed to two nucleation processes of pyrolytic carbon deposition, arising from a temperature gradient between different parts of the CVD reaction chamber.
Experimental Section
Our experimental setup is a two-stage furnace system, and a quartz tube is fitted inside the furnace to act as the reaction chamber. The catalyst powder (ferrocene, Fe(C 5 H 5 ) 2 ) was sublimated first at a temperature of 60-70°C and carried by a flowing argon (50-150 sccm) and methane (5-8 sccm) mixture into the second furnace through the quartz tube. The reaction temperature of the second furnace was 1100°C. Then, the methane was decomposed to synthesize carbon products under the assistance of the catalyst. The as-grown products were carried out from the furnace and deposited onto silicon wafers or other sample carriers, which were placed at the end of the quartz tube. The typical deposition time of the beaded nanofilaments was about 10-15 min for enhancing the yield of asgrown samples.
Scanning electron microscopy (SEM; LEO DSM-982) and transmission electron microscopy (TEM; FEI Titan 80-300) were applied to characterize the as-grown products. The optical properties of beaded nanofilaments were investigated by utilizing a confocal Raman setup. The corresponding setup is based on an inverted optical microscope with x and y scanning stages for scanning a transparent sample. The Raman signal is detected by single-counting avalanche photodiodes after passing bandpass filters centered at 700 nm.
Results and Discussion
Structure and Morphology. A typical morphology of the carbon nanofilaments as grown by our floating CVD method is depicted in the SEM images shown in Figure 1 . The floating CVD method provides a high yield of the nanofilaments ( Figure  1a,b) , which exhibit smooth surfaces as shown in Figure 1c . Estimated from several tens of SEM images of our products, we find that the trunks of these nanofilaments typically have an average diameter of 60 nm with a narrow Gaussian distribution (Figure 1d ), while the beads grown on the filament's surface show a diameter range from 150 to 450 nm (Figure 1e) . The distance between two beads varies from several hundreds of nanometers to several micrometers. For further investigation, the products were deposited on a copper grid for TEM characterization. Figure 2a is a typical TEM image of a single nanofilament, while Figure 2b -d gives enlarged views of several parts of the filament. It appears that the filament has a bead-necklace geometry with some particles on its surface. Energy dispersive X-ray spectroscopy (EDX; Figure 2e ) reveals that the nanofilaments are composed of carbon, decorated with some iron particles that are attributed to catalyst residue. More details are shown in the following high resolution TEM views recorded from different parts of the beaded nanofilament (see Figure 3) . Figure 3a clearly shows that there is a continuous core inside the nanofilament, and a bead is formed on its surface (see arrows). In addition, iron particles with very small diameter appear on the surface of the trunk as well as within the beads (black dots in Figure 3a,d) . It is apparent from the high resolution TEM views in Figure 3b that the center column is mostly composed of partially ordered graphite layers, while crumpled and randomly oriented graphite layers appear on the body of the beads and the whole nanofilament surface. From evaluation of diffraction patterns and several HRTEM images, we found a distance of about 0.36 nm which corresponds to the plane distance of graphite layers. Figure 3c also reveals that iron particles are encapsulated into several graphite layers. The (110) crystal planes of R-iron with a typical plane distance of 0.20 nm are detected here. This finding indicates a good crystallization of the iron particles. 18 A selected-area electron diffraction (SAED) pattern is shown in Figure 3e . It reveals diffuse reflections corresponding to a partially ordered stacking of graphite layers along the filament direction. The diffuse rings can be attributed to in-plane distances of disordered graphite. On the other hand, some clear reflections can be indexed according to R-iron. 19 Confocal Raman Spectroscopy. In order to verify the shortrange ordering structures of graphite in the beaded nanofilaments, we utilize confocal Raman spectroscopy. [20] [21] [22] Figure 4 shows such confocal Raman images and corresponding Raman spectra of the as-grown beaded nanofilaments, measured with a laser excitation wavelength of 632.8 nm (1.96 eV). In Figure  4a -c, Raman images are detected by utilizing a band-pass filter centered at 700 nm corresponding to Raman shifts between 1420 and 1620 cm -1 . As is known for graphite structures, Raman signals at about 1600 cm -1 result from CdC stretching modes forming the so-called G-band. The G-line images in Figure 4a ,b clearly show the pearl-like structure of the nanofilaments, which exactly resolves the bead and trunk positions (bright points and garnet connection). The Raman spectra are subsequently recorded with a higher spatial resolution on the bead and trunk positions (1, 2 and 3, 4 in Figure 4d ), as displayed in Figure  4c . We find that the Raman spectra of the trunks consist of three major groups of peaks. The first group includes the peaks at about 1340 and 1609 cm -1 , which correspond to the D-mode and G-mode of graphite, respectively. 23, 24 The second group of peaks (at 2615-3195 cm -1 ) is related to the D*-mode and G*-mode of graphite. The last group of peaks around 5768 cm -1 is due to the higher-order mode of graphite. 25, 26 As compared with the Raman spectrum recorded from the trunks, the D-and G-peaks appear weaker for the beads, while their D*-and G*-lines show extremely broad contributions. It is noteworthy that the higher-frequency peak from the higher-order mode of graphite 2D + 2G only appears in the Raman spectra of the trunks. This finding suggests that the trunks of the beaded nanofilaments have better graphitic properties than the beads, which is consistent with the above HRTEM observation in Figure 3 . Since the size of the beads is in the range of the diameter of the focal spot of our Raman microscope, i.e., about 300 nm, they are expected to block the silicon Raman peak at 520 cm -1 which only appears in the Raman spectra of the trunks.
Growth Mechanism. There are several possibilities of how carbon filaments form at different morphologies. 16 ,17,27-29 Based on the above TEM, SEM, and Raman observations, we attribute the formation of the beaded nanofilaments with pearl-like structure to two nucleation processes during the carbon deposition process. We assume that both processes are driven by a temperature gradient between different parts of our CVD oven (Figure 5e) . A simple schematic model of the growth process for a single beaded necklace is shown in Figure 5 . At the beginning of the growth process (Figure 5a ), methane is thermally decomposed, and filaments with small diameter are quickly synthesized in the high-temperature region (1100°C). This is the first nucleation process, and it is similar to the ones previously reported. [14] [15] [16] [30] [31] [32] In the second step, the as-grown primary filaments are carried away from the highest temperature region with the gas flow. During the corresponding transport time, the temperature of the samples decreases, and the surface free energy of the filaments is changed as the temperature decreases. [33] [34] [35] [36] The latter results in the second nucleation process of the pyrolytic carbon deposition. The pyrolytic carbon deposition periodically nucleates to form biconical deposit morphologies, as shown in Figure 5b . As the pyrolytic carbon deposition progresses with time, the biconical structure dimensions keep increasing to create bead morphologies with a smooth surface. Finally, at a region of much lower temperature, the pyrolytic carbon deposition becomes more random, which results in the thin disordered graphite skin on the whole surface of the beaded nanofilament that is visible in Figure 3a ,d. In general, the observed bead structure is consistent with the expected structure from the above model indicated by dashed lines in Figure 5d . It is likely that contaminant species (for example, oxygen) inside the oven may also have an effect on the forming process of the beads as the temperature is lowered. [37] [38] [39] Oxygen could etch the as-grown nanofilaments to create beadlike geometry during our CVD deposition process. The effect of Fe crystals in the formation of the beads is not clear, since the crystals can be found both on the surface and inside the nanofilaments.
Conclusions
In summary, we have demonstrated a new process for a simple and reproducible growth of carbon nanofilaments with pearl-like structure by thermally decomposing CH 4 in a floating iron catalyst system. The nanofilaments typically have diameters of 60 nm, while the beads show a diameter range of 150-450 nm, which is mostly composed of many crumpled graphite layers. The Raman scattering properties of the beaded nanofilaments have been measured, as well as their confocal Raman G-line images. The Raman spectra reveal that the trunks of the nanofilaments have better graphitic properties than the beads, a finding which is also supported by the HRTEM analysis. The synthesis method of beaded filament will provide promising materials for designing high-mechanical reinforced composites.
